The use and viability of fiber Bragg grating sensors in sandwich composite structures for the purpose of structural health monitoring under low velocity impact. Initially, a group of twelve specimens were tested to characterize the impact response of sandwich composite structures. Each specimen test consisted of repeated impacts at a constant impact energy to measure and observe damage progression. Once this was completed, a single optical fiber with a fiber Bragg grating was embedded in the structure between the core and the faceplate to and measured using a laser. The shift and deformation of the reflected spectrum from the fiber Bragg grating sensor resulting from each strike was analyzed and the corresponding strain was measured. The peak wavelength shift measurements did not have a strong correlation to the accumulation of damage in the sandwich laminate. However, the spectral distortion did evolve throughout the initial accumulation of damage in the laminate. Further analysis of the spectrum is needed to correlate the spectral response to the damage modes.
INTRODUCTION
Sandwich composite structures consist of two thin, stiff composite faceplates and a thicker core that is lightweight and compliant. The combined material properties and relative thickness of the faceplates and core defines the flexural stiffness, out of plane shear resistance, and compressive properties of the sandwich structure. Sandwich composites have found increasing roles in aerospace and other lightweight applications due to their high in-plane and flexural stiffness. Ideally, the core consists of a material that is both high strength and complaint. 1 Common core materials are cellular foams, balsa wood, trusses, and metallic and non-metallic honeycombs.
2 When subjected to low velocity impact, the behavior of these sandwich composites depends on the core and faceplate materials. For an equal impact energy, sandwich composite structures with denser cores and thicker faceplates are more resistant to damage than those with thinner faceplates and lower-density cores. 3 However, a high density core does not necessarily protect against localized fiber breakage in the facesheets. Though a higher density core does better support the facesheets against deflection, it can also increase the contact force for a given impact energy. 1, 4, 5 There is therefore a need to better understand, predict and monitor localized failure of such sandwich composites during their service life.
Damage in sandwich composites
The damage caused by low velocity impact has shown to reduce the strength of sandwich composites. [6] [7] [8] When subjected to low velocity impact, the damage in sandwich composites can be broken up into three distinct classifications: facesheet damage, facesheet-core interface damage, and core damage. A schematic of these damage types is shown in Fig. 1 . Facesheet damage can be further categorized as fiber breakage, matrix cracking, and delamination. 1, 7, 9 Facesheet delamination is typically initiated by matrix cracking. 10 Commonly, all three damage modes exist under impact. Facesheet damage is the most obvious from external observation. At the impact site, the facesheet becomes indented. Though barely visible under low impact energies, the indentation becomes more obvious as the impact energy is increased. As the damage state increases, eventually fiber breakage, matrix cracking, and delamination become evident at the surface. The facesheet-core interface damage mode is through the debonding of the facesheet and the core. While this damage mode is common in sandwich composites of other core types, in foam core sandwich structures, interface damage is generally not present because the adhesive or resin used to bond the core to the facesheet strengthens the core at the interface. 12, 13 The damage in the core of foam core sandwich composite structures can be classified as either core cracking or core crushing. When submitted to impact loading, a shear crack appears in the core originating at the impact site on the top facesheet, and propagates through the core to the lower facesheet. It is believed that cracking is highly dependent on sample size and test fixture geometry. Though the shear crack is present is a majority of specimens, it has a minimal effect on the performance of the composite. 3 Core crushing is caused by the foam cells collapse due to cell wall buckling or breakage, creating a cavity within the core. The cavity has a larger area than the impact site and is invisible to surface inspection. 1 Furthermore, the cavity in the foam greatly diminishes performance of the structure. 4, 6, 9, 14 Core crushing is the dominant critical mode of failure sandwich composite structures. As such, strengthening the core with nanoclays and pins have been tried to protect against core crushing. 15, 16 While effective, both these methods increase the weight of the structure. Fig. 2 shows photographs of a sandwich composite specimen after two strikes at 3.33 Joules of impact energy per strike. Figure 2(a) shows that after impact, there is little visible damage on the impacted surface other than a small indent and slight discoloration of the surface. Figure 2 (b) is a cross section of the specimen taken at the impact site. A fairly large void measuring 17 mm in diameter and 2 mm deep is present between the faceplate and the crushed core. Furthermore, shear cracks in the core can be readily seen.
Health monitoring in sandwich composites
Because core crushing is the dominant mode of failure and because it exists at low impact energies and is unseen by visual inspection, non-destructive health monitoring systems must be developed to assure the safe operation of sandwich composite structures in real world use. While methods such as infared thermography and surface interferometry, both ultrasound and speckle, have been effectively used to detect and measure damage, they are time consuming and difficult to effectively implement for large structures. As such, a different method must be developed.
Optical fiber, Bragg gratings (FBG) offer a solution. They are easy to embed in a laminated structure, can be quickly interrogated with a laser system, and yield accurate strain readings. FBG sensors have been shown to effectively measure facesheet-core debonding in honeycomb core composites 17 and can detect damage caused by low velocity impact through residual strain. 9 In this paper, we investigate the response of embedded FBG sensors at the core-facesheet interface of sandwich composite structure consisting of carbon fiber reinforced polymer (CFRP) faceplates and a foam core. By measuring both the peak wavelength response of the FBG during impact and the full-spectral response of the FBG during residual strain states, we can evaluate the utility of these sensors for damage identification.
EXPERIMENTAL METHODS

Specimen Fabrication
The facesheets for the specimens consisted of two identical 4.5 inch square plates of a two dimensional twill woven carbon fiber prepreg (Advanced Composites LTM22/CF0300) with a thermoset matrix. Each facesheet was four layers thick and all layers were stacked in the same orientation. The facesheets were assembled between sheets of peel play and enclosed in a mylar vacuum bag sealed by plumber's putty. Two facesheets were cured in the same facuum bag at the same time separated by four additional sheets of peel ply. The bag was put under a facuum, then sealed and put into a hotpress. Once in the hot press, the laminate underwent a three stage curing cycle: first at 50 °C for 15 minutes, then at 60 °C for 15 minutes, and finally at 80 °C for 3 hours. A pressure of 1200 psi was applied to the laminate throughout the cure cycle. A visualization of the curing cycle is shown in Fig. 3(a) . The sandwich composite core consisted of a 1.27 cm thick, 11.43 cm square sheet of Rohacell IG 71 foam. Rohacell 71 is a commonly used aerospace foam of medium density. The foam was bonded to the facesheets using a medium thickness cyanoacrylate (CA) glue. Once applied, the facesheets and core were left under a pressure for 10 minutes to assure a complete bond. If optical fibers are to be embedded in the sample, they were placed at the core-facesheet interface when the facesheets are bonded to the core. The optical fibers were placed half an inch from the impact site when the adhesive was applied to the core. Once the sample had been manufactured, it was cut in half with a wet saw to produce two identical 4.5 x 2.25 inch samples.
Once manufactured, the specimens were subjected to low velocity impact testing. Each specimen was mounted in an impact tower capable of delivering impact energies between 1 J and 500 J, with a 5.5 kg crosshead. A diagram of this setup is shown in Fig. 4 . The composite laminates were securely clamped by a 76.2 mm inner and 152 mm outerdiameter circular steel ring sandwiched by a neoprene mat to distribute pressure evenly over the boundary. The specimens were securely clamped by hand tightening each of the four nuts until secure without causing crushing of the foam core. Each specimen was repeatedly impacted with an impact velocity of 1.1 m/s until perforation of the upper facesheet. The rebound of the crosshead was manually arrested to prevent rebound impacts during a single strike event. Throughout each impact event the acceleration of the impactor was collected from a piezoelectric accelerometer mounted on the crosshead and the position of the impactor was obtained from a non-contacting magnetorestrictive sensor on the guide rail. Both sensors were interrogated with an oscilloscope at 50 kHz and triggered by the position sensor at a fixed distance above the specimen surface height. This height measurement was recorded after each strike by resting the crosshead on the specimen surface. The impactor contact force profile was determined from the accelerometer, and filtered using a 0.46 millisecond moving average. From this filtered contact force, the maximum contact force was calculated for each strike. Using the slopes of the curve in the position data, pre-impact and post-impact velocities were calculated. These values were used to determine the energy dissipated by the specimen for each strike,
where ΔKE is the change in kinetic energy caused by the impact, v in is the pre-impact velocity, v out is the post-impact velocity, and m is the mass of the impactor (5.5 kg).
Fiber Bragg grating sensor interrogation
Data was recorded from the embedded FBG sensors using a dynamic sensor interrogator (Micron Optics si720) that can perform both peak wavelength and full spectral scanning of the FBG. The peak wavelength was recorded during each strike at 1 kHz, while the full spectral response was recorded between strikes once the laminate had reached equilibrium. From the wavelength shift of the peak wavelength data, the amount of axial strain on the FBG can be calculated,
In Equation 2, λ is the Bragg wavelength of the FBG, Δλ is the change in peak wavelength, p e is the effective strain-optic coefficient for the optical fiber, and ε is the strain. For the fibers used in this experiment (Corning SMF-28) p e was calibrated to be 0.22.
Test setup 3. RESULTS
Specimens without embedded fibers
The first task was to determine the response of the manufactured specimens to low velocity impact. Twelve specimens were manufactured without embedded optical fibers and tested under low velocity impact until failure. Table 1 shows the number of strikes each specimen survived until failure. From Table 1 it is clear that specimens 3 and 4 are outliers. They survived 39, and 47 strikes respectively, whereas most other specimens survived in the range of 20 and 30 strikes. This is not uncommon in impact testing of composite structures under low velocity impact because failure can occur in several different modes. Although we defined final failure of the specimen to be perforation of the facesheet, sometimes and extensive delamination can occur prior to perforation; however the specimen is still held together by the clamped boundary conditions. If the delamination exists in the specimen at the impact location, the energy will be dissipated through the movement of layers, rather than further damage to the sample itself. As such, specimens 3 and 4 can be disregarded for this study. The dissipated energy and contact force per strike of the other specimens were similar. The contact force vs. number of strikes plot generated for Specimen 1 is shown in Fig. 5(a) and the dissipated energy vs. number of strikes plot is shown in Fig. 5(b) .
( a ) ( b ) Figure 5 . (a) Typical contact force vs. number of strikes response and (b) dissipated energy vs. number of strikes response for the sandwich composite specimens subject to low velocity impact.
For a constant impact energy, the contact force of each strike remained fairly constant, with a slight decrease, even as the damage in the sandwich composite increased. The contact force plot was consistent between samples; with a maximum contact force ranging between 1 and 1.6 N.
Unlike the contact force plots, the dissipated energy plots have much more noise. This noise is a result of the errors inherent in transforming the position data to velocity data then squaring the velocity in the calculation for dissipated energy. The amount of energy dissipated per strike increased as the number of strikes increased. As the sample becomes more damaged its stiffness decreases. Therefore, v out of the crosshead is decreased so more energy is dissipated by the sample.
Fiber Bragg grating sensor response to impact
Now that the response of the sandwich composite to low velocity impacts was understood, a specimen was fabricated with an embedded optical fiber and FBG sensor. This specimen survived 21 strikes before failure. The full-spectral data measured in between strikes is shown in Fig. 6 . Figure 6 . Reflected spectrum measured by embedded FBG sensor in sandwich composite subjected to low velocity impacts.
The plot numbered Strike 1 is the shape of the spectrum before the first strike, the plot numbered strike 2 is the shape of the spectrum before the second strike, etc. The absolute intensity of the spectrum is normalized from 0 to 1, where 1 is the maximum intensity reflected by the FBG during the experiment, and an intensity of 0 is the minimum intensity reflected by the FBG during the experiment. The FBG sensor failed after the ninth strike, as can be seen in the plot labeled Strike 10 by the absence of a defined peak.
As the specimen is subjected to low velocity impacts, the peak wavelength shifts, indicating the FBG sensor undergoes an axial strain, and the shape of the spectrum deforms. The change in the shape of the spectrum is caused by either a transverse compression that induces birefringence in the optical fiber or by a non-uniform strain acting in the longitudinal direction of the fiber. After the first strike, the peak widens and begins to deform, after the second strike the single peak splits into two peaks. This splitting is likely caused by transverse compression on the Bragg grating as the faceplate deforms and core deform and crush at different rates. After the third strike, a third peak appears implying a non-uniform strain on the fiber. Before the eighth strike, the third peak disappears and the two peaks come closer together. This is most likely caused by the faceplate and core coming completely debonded at the location of the sensor causing a strain to release.
To highlight the transient peak wavelength shifts, plots of the change in wavelength during each strike is given in Fig. 7 . In Fig. 7 , the peak wavelength output for Strike 2, Strike 3, and Strike 5 were not captured and are therefore not shown. Fig. 7 shows for each strike the wavelength output increases. Also, after each strike there is a relaxation period during which the wavelength stabilizes. The wavelength data buffer is only 10 seconds long, and therefore not all of the relaxation period is captured, however we can compare the total relaxation between strikes in Fig. 7 . As the specimen relaxes after impact, wavelength decreases, but wavelength does not decrease down the pre-strike level. Table 2 lists the wavelength reflected by the FBG before each strike, the relative wavelength change from the previous strike, and the calculated axial strain difference and the total axial strain accumulation. The wavelength at Strike 0 is the wavelength before the composite has been damaged. Fig. 8 is a visual representation of the total strain on the sensor versus impact energy. These axial strain measurements are not as indicative of the damage formation as the full-spectral plots of Fig. 6 . . The wavelength at Strike 0 is the wavelength before the composite has been damaged. Figure 8 is a visual representation of the total strain on the sensor versus impact energy.
